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ABSTRACT 

The EWASG EOS module was developed 
within the frame of the TOUGH2 numerical 
reservoir simulator for the modeling of hydro-
thermal systems containing salt and a non-
condensable gas (NCG). The code version 
distributed in 1999 suffered, however, from a 
few notable limitations: brine correlations are 
derived from different sources, with the potential 
risk of limited internal coherence; brine correla-
tions do not properly cover the entire P-T-X 
space of interest; and NCG effects are evaluated 
with an approach limited to low partial pres-
sures. 
 
Improvements developed so far to overcome 
some of the above limitations are described in 
the present work, with regard to the modeling of 
saline hydrothermal systems. It must be reiter-
ated that the brine treatment employed by 
EWASG was subsequently inherited by other 
EOS modules such as ECO2, ECO2N, EOSM, 
TMVOC V.2.0, and TMGAS. Described 
improvements can be easily implemented in 
other TOUGH2 EOS modules dealing with 
NaCl solutions. 

INTRODUCTION 

The EWASG EOS module (Battistelli et al., 
1993; Battistelli et al., 1997) was developed 
within the frame of the TOUGH2 (Pruess, 1991) 
numerical reservoir simulators, and then distrib-
uted by LBNL embedded into TOUGH2 V.2 
(Pruess et al., 1999). Since then, EWASG was 
included within the inverse simulation code 
iTOUGH2 (Finsterle, 2007) and the parallel 
code version TOUGH-MP (Zhang et al., 2008). 
It was also used by LBNL as the starting point 
for ECO2 (Pruess and Garcia, 2002) and then 
ECO2N (Pruess, 2005), the latter widely used 
for the modeling of geological sequestration of 

supercritical CO2 in saline aquifers. The correla-
tions for NaCl properties are also used in 
TMVOC V.2.0 (Battistelli, 2008) for environ-
mental applications, TMGAS (Battistelli and 
Marcolini, 2009) for GHG sequestration and 
acid gas mixtures injection, and EOSM (Pruess, 
2011) for CO2 sequestration in saline aquifers 
under sub- and supercritical conditions. 
 
EWASG is used primarily for modeling hydro-
thermal systems containing dissolved solids and 
noncondensable gases. The version distributed 
in 1999 suffered, however, from some key limi-
tations: brine correlations are derived from 
different sources, with the potential risk of 
limited internal coherence. Moreover, brine 
correlations do not cover properly the entire P-
T-X space of interest (T=0-350°C; P=0-1000 
bar; XS=0-1). In addition, the effects of NCG 
are evaluated with an approach limited to low 
partial pressures of the noncondensable gas. 
 
Since the initial delivery of the code, several 
improvements have been implemented in an 
attempt to overcome the above limitations and 
extend the applicability of EWASG to a wider 
range of thermodynamic conditions (Battistelli 
et al., 2009). Some of the main improvements 
included are described in the present work: 

• IAPWS-IF97 correlations for pure water 
and steam (IAPWS, 1997) and a more 
recent formulation for water and steam 
viscosity (IAPWS, 2008).  

• An internally consistent H2O-NaCl EOS 
package derived from the work of 
Driesner and Heinrich (2007) and 
Driesner (2007).  

• A more consistent approach of vapor 
pressure lowering (VPL) and water 
adsorption, including the dependency of 
capillary pressure on temperature and 
salt concentration.  
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IAPWS-IF97 CORRELATIONS 

TOUGH2 V.2 uses the IFC67 correlations (IFC, 
1967) for computing vapor pressure, density, 
and the internal energy of liquid water and steam 
within the following regions of P-T space: 
Region 1: liquid water to 350°C and 1000 bar; 
Region 2: steam up to 800°C and 1000 bar; 
Region 4: vapor pressure up to the critical point 

of water.  
The IAPWS-IF97 formulation (IAPWS, 1997) is 
made available within TOUGH2 as summarized 
in Table 1. The relative subroutines were kindly 
supplied by Michael O’Sullivan (Croucher and 
O’Sullivan, 2008). A more recent formulation 
for the dynamic viscosity of water and steam has 
been coded (IAPWS, 2008) that computes more 
accurate viscosity values at high temperatures. 
The new subroutines are included into the T2F.f 
module and can be invoked in a TOUGH2 
simulation run using a flag from the SELEC 
block in the input file. Even though the correla-
tions are officially limited to 350°C for liquid 
water, they can be safely used up to 360°C and, 
with minor errors, up to 370°C. 
 
Table 1. New subroutines for the properties of liquid 

water and steam. 

Subroutine Region Property 
COWAT97 1 density and internal energy 

of liquid water  
SUPST97 2 density and internal energy 

of steam 
SAT97 4 saturation pressure  
TSAT97 4 saturation temperature  
VISH2008 1, 2 & 4 water and steam dynamic 

viscosity 

NEW EOS FOR H2O-NACL MIXTURES 

Driesner and Heinrich (2007) (D&H) revised 
published data on H2O-NaCl-phase boundaries 
up to 1000°C and 5000 bar, and for mixtures 
ranging from pure water to pure salt composi-
tions. Driesner (2007) presented a comprehen-
sive set of correlations for the computation of 
phase-mixture properties over the above P-T-X 
space. D&H computed pure water properties 
using the IAPS-84 formulation as described by 
Haar et al. (1984). In implementing the D&H 
approach into the TOUGH2 framework, the 
IAPWS-IF97 correlations have been used to 
evaluate pure water properties in Regions 1, 2, 

and 4. Thus, the H2O-NaCl EOS implemented 
into EWASG is limited to temperatures up 
350°C, and with minor errors up to 370°C; pres-
sures up 1000 bar and NaCl concentrations from 
0 up to saturation. 
 
D&H used the same molecular weight of water 
implemented into TOUGH2, 18.015 g/mol, but a 
slightly different molecular weight for the NaCl: 
58.443 g/mol against 58.448 g/mol used in 
EWASG (Battistelli et al., 1997). Thus, the 
value of 58.443 g/mol is used with the D&H 
model. As in EWASG, the D&H reference 
condition for the brine enthalpy is pure liquid 
water with zero enthalpy at the triple point of 
water (0.01°C, P=611.73 Pa). (The main equa-
tions are restated below; for the whole set of 
correlations and related coefficients, I refer the 
reader to the papers by D&H.) 

Brine density 
The computation is performed according to 
Driesner (2007) by determining the temperature 
TV*, as a function of pressure and salinity, at 
which the pure water has the same molar volume 
Vb of the brine at temperature T (°C), pressure P 
(bar) and salt molar fraction XNaCl, as expressed 
by Eq. (1).  

Vb (T,P,XNaCl ) =VH 2O (TV
*,P)          (1) 

All related equations are included into the new 
subroutine DRIESNER, called by COBRI if the 
D&H model is selected from the input file. The 
mass density of the brine is computed from that 
of pure water using the molecular weights as 
shown in Eq. (2). 

OH

b
VOHNaClb PM

PMPTXPT
2

*
2 ),(),,( !! =        (2) 

where the brine molecular weight PMb is 
computed from the mass fraction of salt XS in a 
straightforward way. Driesner (2007) also 
suggests corrections of Eq. (1) in specific ranges 
of P-T-X space, which have been also imple-
mented into the DREISNER subroutine. 
 
In Fig. 1, the brine density calculated as a func-
tion of salinity using EWASG, D&H and the 
BRNGAS correlation of Pritchett (1993), 
already included in TMVOC V.2.0, TMGAS 
and EWASG, is compared with the density data 
tabulated by Pitzer et al. (1984) at 800 bar and 
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300°C. Then BRNGAS correlation starts to 
underestimate the density at 200°C, while the 
D&H model reproduces Pitzer’s density well at 
all temperatures. 

Brine enthalpy 
Following Driesner (2007), a similar approach is 
used for the brine enthalpy. The temperature 
TH*, as a function of pressure and salinity, is the 
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Figure 1. Brine density at 800 bar and 300°C. 

Comparison among values computed with 
EWASG, Pritchett (1993) and Driesner 
(2007) correlations and those published 
by Pitzer et al. (1984). 

temperature at which pure water has the same 
enthalpy hb of the brine at temperature T (°C), 
pressure P (bar), and salt molar fraction XNaCl, 
as expressed by Eq. (3). 

),(),,( *
2 PThXPTh HOHNaCLb =           (3) 

The necessary equations have been coded into 
subroutine DRIESNER called by COBRI. 

Halite density 
The density of solid salt (halite) is computed 
following Driesner (2007) by adding, to the 
density of halite at zero pressure, a correction 
proportional to the pressure as shown by: 

PTlThalitehalite )()(0 += !!           (4) 

The correlation is included in subroutine DHAL.  

Halite solubility 
Halite solubility is computed in EWASG as a 
function of temperature using a correlation due 
to Potter and quoted by Chou (1987). Dreisner 
and Heinrich (2007) computed the brine compo-

sition at equilibrium with halite as a function of 
both temperature and pressure, using Eq. (5), 
where coefficients ei are functions of pressure P 
(bar): 
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           (5) 

Thm is the temperature of halite melting: 

)( ,, NaCltripleNaCltriplehm PPaTT !+=
         

 (6) 

The solubility dependence from pressure 
becomes remarkable only for temperatures 
higher than about 450°C and for very high 
pressures, as shown by Driesner (2007). Within 
our field of interest, temperatures lower than 
400°C, the solubility dependence of pressure up 
to 1000 bar is negligible. Thus, the above D&H 
correlation was not included in EWASG, to 
avoid an increase in computation effort for a 
negligible increase in accuracy. 
 
Halite solubility at 1 bar up to 100°C and then at 
the brine-saturation pressure for higher temper-
atures has been computed using Eq. (5). 
Computed values are compared in Fig. 2 to the 
solubility calculated within EWASG and to the 
values computed according to Palliser and 
McKibbin (1998) (P&McK).  
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Figure 2. Halite solubility computed using 

EWASG, Palliser and McKibbin (1998) 
and Driesner and Heinrich (2007). 

The standard EWASG correlation reproduces 
the D&H values up to 350°C with an error lower 
than 1%, while the P&McK’s correlation has a 
higher error. Conversely, at high temperature, 
P&McK’s correlation performs slightly better 
and is closer to D&H values. D&H solubility 
values have been regressed as a function of 
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temperature, using a polynomial expression 
included in subroutine HALITE. 

Halite enthalpy 
Halite enthalpy in EWASG is computed, as a 
function of temperature only, by integrating the 
specific heat given by Silvester and Pitzer 
(1976). The chosen reference state for halite 
enthalpy is that of the triple point of water 
(T=0.01°C, P=611.73 Pa) at which halite 
enthalpy is set to zero. Driesner (2007) supplies 
a correlation for the specific heat of halite as a 
function of both temperature and pressure, as 
shown by Eq. (7): 

cP,halite = r0 + 2r1(T !Ttriple,NaCl )  
+3r2 (T !Ttriple,NaCl )

2 + r3P+ r4P
2        (7) 

Coefficients r0, r1, and r2 are constants, while r3 
and r4 are polynomials of third degree with re-
spect to temperature. Integrating the specific 
heat, Driesner considers the triple point of halite 
as the reference state for halite enthalpy, in order 
to be consistent with the reference assumed for 
the enthalpy of pure water. For comparison pur-
poses, the halite enthalpy as been computed as a 
function of temperature, assuming zero enthalpy 
at the triple point of water, and at pressure of 1 
bar, integrating the specific heat of Eq. (7); us-
ing the standard EWASG code; and by integrat-
ing the specific heat given by Pitzer et al. 
(1984). Computed enthalpy is shown in Fig. 3. 
 
The plot shows good agreement as far as the 
reproduction of enthalpy at low pressure is 
concerned among the three approaches.  
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Figure 3. Halite enthalpy computed using EWASG 

and by integrating the specific heat given 
by Pitzer et al. (1984) and by Driesner 
(2007) assuming zero enthalpy at 0.01°C. 

The effect of pressure is the increment of halite 
enthalpy by an amount, proportional to the 
pressure, which is almost constant in the 
temperature range of interest for EWASG (T< 
400°C). The enthalpy at 1 bar has been 
computed with a 3rd degree polynomial shown in 
Eq. (8), while the pressure correction is made 
using Eq. (9). The error with respect to the 
enthalpy computed using the SOWAT code 
(Driesner, 2007) at 400°C and 500 bar is lower 
than 0.2% and is considered satisfactory for the 
purposes of EWASG improvement. 

hhalite(T,1bar) = 8.8101E ! 5T
3 + 6.4139E  

       !2 T 2 +8.7664E2 T ! 5.6125E5   (8) 

)1(14.44)1,(),( barPbarThPTh halitehalite !+=
 

             (9) 
The new correlation has been included in 
function HHAL to substitute for the old correla-
tion. In fact, D&H enthalpy reference conditions 
are different from those assumed in the old 
EWASG; they are congruent with the computa-
tion of water and brine enthalpy, but this was not 
the case for the old EWASG. Because of that, the 
calculation of heat effects during precipitation or 
dissolution of halite are affected by an error in 
the old EWASG code. This error is insignificant 
for most applications, but can yield noticeable 
effects when localized precipitation/dissolution 
determine large changes in solid salt saturation. 

Brine vapor pressure 
In EWASG the vapor pressure of sodium 
chloride brines is computed as a function of 
temperature and salinity, using a correlation by 
Haas (1976) calibrated over experimental data 
covering a temperature range from –11 to 300°C. 
Driesner and Heinrich (2007) present a new 
correlation covering a wider field of temperatures 
and salinities although with a much more 
complex approach, as shown by Eq. (10).  

( )PPgPPgXX critcritcrit
liqVL

NaCl !+!+= 10
,

 

 ( )22 PPg crit !+           (10) 

In fact, Eq. (10) gives the composition of satu-
rated liquid brine at the vapor pressure P, and as a 
function of brine critical pressure Pcrit and 
composition Xcrit. Terms g1 and g2 are functions 
of temperature, while g0 is not explicitly given by 
D&H and needs to be evaluated with the 
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constraint that Eq. (10) should deliver the NaCl 
concentration on the equilibrium surface V+L+H 
at temperatures lower than the triple point of 
NaCl (800.7°C). 
 
The SOWAT code has been used to compute the 
composition of saturated brine as a function of 
pressure along isotherms from 150 to 350°C. Fig. 
4 shows the comparison among these values and 
those computed using the Haas (1976) correlation 
implemented in EWASG. Fig. 4 shows negligible 
differences up to 250°C, which increase at higher 
temperatures and for salinities greater than 5% by 
mass. Differences are noticeable at 350°C, 
because Haas’s correlation was calibrated using 
experimental data at T lower than 300°C. 
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Figure 4.  Comparison of saturated brine pressure as 

function of salinity at different tempera-
tures computed using Haas (1976) 
(circles) and Driesner and Heinrich (2007) 
(lines) correlations. 

Due to the complexity of the D&H correlation, 
which would also require an iterative approach, 
Eq. (10) has not yet been implemented within 
EWASG. The planned alternative approach is as 
follows: 

• Use the SOWAT code to compute salinity-
vapor pressure values for isotherms going 
from 0.01°C to 400°C; 

• Use a new calibration of the coefficients 
present in the Haas (1976) correlation to 
reproduce the brine vapor pressure computed 
by SOWAT. 

SUCTION PRESSURE EFFECTS 

To model fractured geothermal reservoirs with 
low matrix permeability and high capillary pres-
sure, it is necessary to account for suction pres-

sure effects. These have already been studied by 
several authors, who focused either on the 
processes at low water saturation involving vapor 
pressure lowering (VPL) effects (O’Sullivan and 
Pruess, 1995; Battistelli et al., 1998), or on water 
adsorption processes in vapor-dominated reser-
voirs (Nghiem and Ramey, 1991; Sta. Maria and 
Pingol, 1996). VPL has been included in 
EWASG by using the Kelvin’s equation as given 
by Eq. (11). The vapor partial pressure under 
two-phase conditions is obtained by multiplying 
the saturation pressure times the VPL factor 
given by Eq. 11.  

!
!
"

#

$
$
%

&

+
=

)15.273(),,(
)(

exp
2

TRXTP
SPW

f NaCl
LLL

Lcap
OH

VPL '   
(11) 

Phase equilibrium is solved assuming the addi-
tivity of partial pressures of water vapor and of 
the NCG. In EWASG, the aqueous-phase density 
in Kelvin’s equation is computed using the aque-
ous-phase pressure.  

Modeling of vapor adsorption 
VPL is described using distinct approaches, even 
though they are different aspects of the same 
process: the vapor adsorption on the rock surface, 
and the capillary condensation of aqueous phase. 
In both cases, the aqueous phase is present under 
metastable conditions at a pressure lower than the 
saturation pressure for local temperature. The 
presence of two-phase conditions instead of 
single steam, in a vapor-dominated reservoir, has 
strong implications for the amount of fluid 
initially stored in the reservoir. Even small satu-
rations of liquid water can contribute substan-
tially to the mass of fluid stored in the unit reser-
voir volume. 
 
Adsorption and capillary condensation have 
usually been described with different modeling 
approaches. In addition to Kelvin’s equation used 
in the TOUGH2 simulator (Pruess and 
O’Sullivan, 1992; Pruess et al., 1999), the vapor 
adsorption is described with adsorption 
isotherms, as generated by Stanford University 
researchers, who made prolonged experimental 
studies on rock samples collected at The Geysers 
and Larderello steam-dominated geothermal 
fields. The adsorption isotherms are described 
with several formulations, among which the 
classical one is that due to Langmuir (Nghiem 
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and Ramey, 1991), as expressed by Eq. 12. XW is 
the mass fraction of water with respect to rock 
mass, and A and B are experimental coefficients: 

VPL

VPLW

fB
fA

X
+

=
1

         (12) 

It is useful to model (with a unique formulation) 
both adsorption and capillary condensation 
within a reservoir simulator. Sta Maria and 
Pingol (1996) observed that adsorption isotherms 
are generally able to describe experimental 
results for values of VPL coefficients lower than 
0.9, while Kelvin’s equation has difficulty at low 
water saturation values, when the capillary pres-
sure becomes extremely high. The adsorption 
isotherm establishes a relationship between the 
mass of absorbed water and the VPL coefficient. 
Assuming that the density of adsorbed water can 
be estimated with conventional correlations at 
saturated conditions, from rock porosity and 
grain density, it is possible to convert the 
adsorbed mass in an equivalent liquid saturation, 
assuming also that adsorbed water on grain 
surfaces occupies a fraction of pore volume. The 
equivalent liquid saturation is given by Eq. 13 
(Sta. Maria and Pingol, 1996): 

W

Aq

R
Aq XS

!
!

"
"#

=
1          (13) 

This saturation can be used to determine the 
capillary-pressure value, which reproduces the 
experimental VPL coefficients computed with the 
Kelvin equation. Adsorption and capillary 
pressure data can then be combined for a regres-
sion on a unique capillary-pressure curve. 

Dependency of capillary pressure on surface 
tension 
Both adsorption and capillary-condensation 
processes are function of temperature. The 
capillary pressure depends in fact on the surface 
tension between the two phases at equilibrium. 
For steamwater two-phase conditions, the surface 
tension decreases with temperature, to vanish at 
the water critical temperature. The capillary-pres-
sure values obtained for a given pair of fluids can 
be normalized using the J-Leverett function 
(Leverett, 1941): 

!"#
kP

SJ c
Aq cos
)( =           (14) 

where ! is the surface tension (N/m) (IFT), " is 
the contact angle, k the absolute permeability 

(m2) and # is rock porosity. Once the  J-Leverett 
function is obtained with a regression on experi-
mental data for a specific rock formation, the 
capillary pressure can be computed as a function 
of petro-physical and fluid properties, as follows: 

k
SJP Wc

!
"# cos)(=          (15) 

IFT is a function of fluid phases at equilibrium, 
of their composition and local temperature. The 
J-Leverett function is customarily used to evalu-
ate the capillary pressure at reservoir conditions 
from laboratory measurements performed at 
different conditions and with different fluid 
phases. The temperature affects both IFT and the 
contact angle, the latter changing also with rock 
type. Assuming the contact angle changes 
marginally with temperature, the capillary pres-
sure at reservoir conditions is given by Eq. 16: 

( )
( )YXT

YXTTPTP
refref

reflabcresc ,,
,,)()( ,, !

!
=

        (16) 
X and Y represent the composition of aqueous 
and gaseous phases, respectively. In hydrother-
mal systems, the gaseous phase contains mainly 
water vapor and a mixture of NCG, among which 
CO2 usually predominates. In the aqueous phase, 
sodium chloride is generally the predominant 
dissolved solid. The pure-water IFT is computed 
in TOUGH2 using subroutine SIGMA (module 
T2F.f), based on the IAPS (1976) formulation. It 
differs from the more recent IAPWS (1994) 
release only in its different definition for the 
critical point of water, 647.096 K instead of 
647.15 K. 
 
The water IFT declines rapidly at increasing 
temperatures, from 72.74E-3 N/m at 20°C to 
58.92E-3, 37.68E-3, 14.37E-3, and 3.67E-3 at 
100, 200, 300 and 350°C, respectively. The 
capillary pressure should then become increas-
ingly less important at reservoir temperatures 
greater than 300°C, common in the deep zones of 
many geothermal fields. On the other hand, the 
presence of salt increases the brine critical 
temperature substantially. For instance, NaCl 
mass fractions of 3 and 5%, found in some 
geothermal fields, increase the critical tempera-
ture to 403 and 493°C, respectively.  
Thus, brine at 300°C has IFT greater than that of 
pure water at the same temperature, as it is farther 
than pure water from its critical temperature. For 
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instance, Ozdemir et al. (2009) reports experi-
mental data indicating a consistent increment of 
brine IFT with salt content. Assuming the corre-
sponding state principle is applicable to the IFT, 
then the IFT of brine at a given NaCl concentra-
tion is equal to that of pure water at the same 
reduced temperature. 
 
Fig. 5 shows the critical temperature of brine as a 
function of NaCl mass fraction computed using 
the old EWASG correlation, and P&McK and 
D&H values. Up to a NaCl fraction of 0.3, the 
critical temperature is comparable. D&H supplied 
the relationships between salinity and critical 
temperature up to 1000°C. Thus, a regression on 
values given by P&McK has been included in 
EWASG. Fig. 6 shows the computed brine 
surface tension as function of temperature for salt 
mass fractions of 5, 10, 20, and 25% in NaCl.  
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Figure 5. NaCl solubility at critical conditions 

computed using EWASG, P&McK and 
D&H. 
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Figure 6.  Surface tension of water and NaCl brines 

as function of temperature assuming the 
corresponding state principle is applica-
ble. 

The computation of capillary pressure in 
TOUGH2 has been modified, including its 
dependency on temperature through the brine 

IFT. The option is invoked giving the reference 
surface tension (in N/m) to parameter CP(7,nmat) 
in the ROCKS block of input file. The option is 
available for the van Genuchten (ICP=7), and 
Parker (ICP=8) models for water-gas two-phase 
conditions. 

CONCLUSIONS 

EWASG allows the modeling of ternary mixtures 
of water, NaCl, and a NCG within TOUGH2 
V.2.0. While developed primarily for hydro-
thermal systems, the brine correlations have been 
extensively used in other EOS modules (such as 
ECO2N, EOSM, TMVOC V.2 and TMGAS) for 
environmental applications, GHG, and acid gas 
geological storage. The description of water-
NaCl mixtures in EWASG has been improved by 
implementing correlations recently developed by 
Driesner and Heinrick (2007) and Driesner 
(2007). They were able to describe the thermody-
namics and calculate phase properties for temper-
atures from 0 to 1000°C, pressures from 1 to 
5000 bar, and NaCl mass fractions from 0 to 1. 
Pure water properties within EWASG are now 
computed using the IAPWS-IF97 (1997) and 
IAPWS (2008) correlations up to 350°C. (They 
can be used up to 370°C with minor errors.) 
D&H correlations for brine density and enthalpy 
are included in a new subroutine DRIESNER, 
while new correlations for halite density, 
enthalpy, and solubility have been included in the 
old EWASG subroutines. The composition of 
brine at critical conditions is computed using the 
correlation from Palliser and McKibbin (1998) in 
closed form. 
 
An approach to describe VPL effects due to both 
water adsorption and capillary condensation 
using Kelvin’s equation is proposed within 
TOUGH2, following St. Maria and Pingol 
(1996). Temperature and salinity effects on 
capillary pressure at high temperatures are 
accounted for including IFT effects, following 
the J-Leverett (1941) normalization. 
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